Eukaryotic ribosome assembly requires over 200 assembly factors that facilitate rRNA folding, ribosomal protein binding, and prerRNA processing. One such factor is Rlp7, an essential RNA binding protein required for consecutive pre-rRNA processing steps for assembly of yeast 60S ribosomal subunits: exonucleolytic processing of 27SA 3 pre-rRNA to generate the 5 ′ end of 5.8S rRNA and endonucleolytic cleavage of the 27SB pre-rRNA to initiate removal of internal transcribed spacer 2 (ITS2). To better understand the functions of Rlp7 in 27S pre-rRNA processing steps, we identified where it crosslinks to pre-rRNA. We found that Rlp7 binds at the junction of ITS2 and the ITS2-proximal stem, between the 3 ′ end of 5.8S rRNA and the 5 ′ end of 25S rRNA. Consistent with Rlp7 binding to this neighborhood during assembly, two-hybrid and affinity copurification assays showed that Rlp7 interacts with other assembly factors that bind to or near ITS2 and the proximal stem. We used in vivo RNA structure probing to demonstrate that the proximal stem forms prior to Rlp7 binding and that Rlp7 binding induces RNA conformational changes in ITS2 that may chaperone rRNA folding and regulate 27S pre-rRNA processing. Our findings contradict the hypothesis that Rlp7 functions as a placeholder for ribosomal protein L7, from which Rlp7 is thought to have evolved in yeast. The binding site of Rlp7 is within eukaryotic-specific RNA elements, which are not found in bacteria. Thus, we propose that Rlp7 coevolved with these RNA elements to facilitate eukaryotic-specific functions in ribosome assembly and pre-rRNA processing.
INTRODUCTION
Eukaryotic ribosome assembly requires precise folding of ribosomal RNA (rRNA), binding of ribosomal proteins (r-proteins) to rRNA, and processing of pre-rRNA to generate mature 40S and 60S ribosomal subunits (Henras et al. 2008) . Processing of pre-rRNA occurs through a series of consecutive steps that involves endo-and exonucleolytic removal of internal and external transcribed spacer (ITS and ETS) sequences (Fig. 1A) . These irreversible steps are coupled with rRNA folding, r-protein binding, and transit of preribosomes from the nucleolus to the nucleus and cytoplasm and may therefore serve as checkpoints for proper assembly.
In Saccharomyces cerevisiae, ribosome biogenesis involves about 200 assembly factors that are present in preribosomal intermediates but not in mature ribosomal subunits. These factors include endo-and exonucleases, RNA helicases, AAA-ATPases, GTPases, protein and RNA modifying enzymes, and nonenzymatic scaffolding and RNA binding proteins. Scaffolding proteins contain predicted protein-protein interaction domains and are sometimes found in subcomplexes with other assembly factors (Miles et al. 2005) . RNA binding proteins are thought to stabilize or chaperone prerRNA folding (Granneman et al. 2011; Young and Karbstein 2011) , target other proteins to preribosomes (Woolls et al. 2011; Young et al. 2013) , or act as placeholders for r-proteins (Rodriguez-Mateos et al. 2009 ).
Currently, we have an almost complete catalog of assembly factors and r-proteins that are required for each of the prerRNA processing steps to occur. However, why specific steps are blocked in the absence of individual assembly factors or how rRNA folding and r-protein binding are coupled to pre-rRNA processing is not known. Recently, crosslinking and cryo-EM assays have been adapted to locate the binding sites of assembly factors on preribosomes (Bohnsack et al. 2009; Granneman et al. 2010 Granneman et al. , 2011 Strunk et al. 2011; Bradatsch et al. 2012; Greber et al. 2012; Segerstolpe et al. 2013) . Identification of binding sites of assembly factors is necessary to understand the specific functions of these proteins during ribosome assembly and to 1 understand why pre-rRNA processing steps are blocked in their absence.
The A 3 factors are a group of assembly factors required for exonucleolytic trimming of 27SA 3 pre-rRNA to generate 27SB S pre-rRNA (Fig. 1A , solid horizontal arrow). This step removes the remaining fragment of ITS1 after cleavage at the A 3 site and generates the 5 ′ end of the more abundant form of 5.8S rRNA, 5.8S S . In addition to the exonucleases Rat1 and Rrp17 (Henry et al. 1994; Oeffinger et al. 2009 ), RNA helicase Has1 (Emery et al. 2004) , and r-proteins L7 and L8 , the known A 3 factors include the scaffolding proteins Pwp1, Nop7, Ytm1, and Erb1 and RNA binding proteins Nop15, Cic1, Nop12, and Rlp7 (Dunbar et al. 2000; Pestov et al. 2001; Adams et al. 2002; Gadal et al. 2002; Oeffinger et al. 2002; Fatica et al. 2003; Oeffinger and Tollervey 2003; Miles et al. 2005; Granneman et al. 2011; Sahasranaman et al. 2011) . Remaining questions in the study of A 3 factors include (1) what are the functions of these nonenzymatic proteins in ribosome assembly and (2) why is the 27SA 3 pre-rRNA processing step blocked in their absence.
25S rRNA is separated into six secondary structure domains, which are brought together to form one globular domain in the mature 60S subunit (Fig. 1B) . In domain I, 5.8S rRNA base-pairs with 25S rRNA in three places: helix 2 at the 5 ′ end of 5.8S rRNA, helix 4, and the ITS2 proximal stem (helix 10) between the 3 ′ end of 5.8S rRNA and 5 ′ end of 25S rRNA (Fig. 1C, gray boxes) . In mature ribosomes, r-proteins L8, L15, L17, L25, L26, L35, and L37 contact this rRNA domain. Of this group, L17, L26, L35, and L37 are missing from preribosomes in the absence of A 3 factors (Sahasranaman et al. 2011; Jakovljevic et al. 2012; Dembowski et al. 2013) . Because these four r-proteins make the most contacts with domain I, it is possible that the A 3 factors play a role in stabilizing this rRNA-r-protein neighborhood.
The rRNA binding sites of nonenzymatic A 3 factors Nop7, Erb1, Nop15, Cic1, and Nop12 have been previously identified by CRAC (crosslinking and analysis of cDNAs) (Fig. 1C , gray circles; Granneman et al. 2011) . Nop7 binds to domain III and Erb1 binds to domain I. Because these two proteins interact in a stable trimeric subcomplex with Ytm1 (Miles et al. 2005) , they may form an interdomain bridge to bring together domains I and III during assembly. Ytm1 and Pwp1 do not crosslink to RNA, suggesting that they do not directly interact with pre-rRNA. Nop15 and Cic1 crosslink to ITS2 and are thought to hold ITS2 in an open ring conformation as opposed to a closed hairpin structure (Granneman et al. 2011) . Transitions between these two conformations may regulate the timing of 27S pre-rRNA processing (Cote et al. 2002) . Nop12 binds to sequences in 5.8S and 25S rRNAs, suggesting that it may promote folding of domain I by stabilizing interactions between these two rRNAs. Because the A 3 factors bind to domain I of 5.8S/25S rRNA or to ITS2 and are required for stable association of r-proteins to domain I, folding or stabilization of this rRNA-r-FIGURE 1. Yeast ribosome assembly. (A) Pre-rRNA processing pathway. Eukaryotic pre-rRNA processing occurs through a series of consecutive steps. The locations of the ETS and ITS sequences (lines), prerRNA processing sites (vertical ticks), and mature rRNA sequences (boxes) are shown. The solid arrow marks the 27SA 3 pre-rRNA processing step, which is blocked in the absence of Rlp7 and the other A 3 factors. The dashed arrows indicate the 27SB pre-rRNA processing step, which also is blocked in rlp7 mutants. The 40S subunit contains 18S rRNA and the 60S subunit contains 5.8S, 25S, and 5S rRNAs. 5S rRNA is transcribed and processed separately and is not shown. (B) Cartoon of the solvent-accessible interface of pre-60S ribosomes containing mature rRNA domains I-VI and ITS2 in the hairpin conformation. Domain IV is on the back in this view (subunit interface) and thus is not labeled. (C ) Cartoon representation of base-pairing between 5.8S and 25S rRNAs in domain I. Sequences of mature rRNA are black, and ITS1 and ITS2 are gray. Boxes indicate regions where 5.8S rRNA basepairs with 25S rRNA. Helix numbers are listed for 25S rRNA. Helix 10 is also known as the ITS2-proximal stem. Gray circles indicate the binding sites of Rlp7, Erb1, Nop12, Nop15, and Cic1 on preribosomes. The A 3 , B 1S , and C 2 processing sites are indicated. protein neighborhood may be coupled to the 27SA 3 prerRNA processing step.
Rlp7 has been implicated not only in 27SA 3 pre-rRNA processing but also in the downstream step, cleavage of 27SB prerRNA to generate 7S and 25.5S pre-rRNAs (Fig. 1A , dashed horizontal arrows; Dunbar et al. 2000; Gadal et al. 2002) . This step involving cleavage by an unknown endonuclease initiates removal of ITS2 from pre-60S ribosomes. Therefore, we predict that Rlp7 might bind near the other A 3 factors in ITS2 or domain I to promote consecutive processing of 27SA 3 and 27SB pre-rRNAs. However, because Rlp7 shares 32% sequence identity to r-protein L7 (Lalo et al. 1993; Mizuta et al. 1995) , it has been proposed to bind to domain II of 25S rRNA to act as a placeholder for L7 during assembly (Gadal et al. 2002) .
Here we sought to identify the binding site of Rlp7 on preribosomes, with the goal to better understand its function in 27S pre-rRNA processing steps. We found that Rlp7 binds to the ITS2-proximal stem of rRNA domain I and to adjacent sequences in ITS2, placing it in close proximity to the previously identified RNA binding sites for A 3 factors Erb1, Nop15, Cic1, and Nop12 (Fig. 1C , gray circles). We identified an interaction network among Erb1, Nop15, Cic1, and Rlp7, consistent with these A 3 factors clustering to a neighborhood within assembling ribosomes. We also carried out in vivo RNA structure probing of ITS2 in the presence and absence of Rlp7. Our results are consistent with Rlp7, Cic1 and Nop15 being interdependent for association with ITS2 and inducing an open ring conformation of ITS2 as opposed to a closed hairpin structure. Taken together, we conclude that Rlp7 binds at the junction of the ITS2-proximal stem and ITS2 and may act together with other assembly factors to promote the formation of domain I and ITS2 conformations that are conducive to consecutive 27S pre-rRNA processing steps.
RESULTS AND DISCUSSION

Rlp7 binds to ITS2 and the ITS2-proximal stem
In order to identify the binding sites and RNA substrates of Rlp7, we carried out CRAC ). We treated yeast cells expressing Rlp7-HTP with UV light to crosslink RNA to proteins in vivo. Rlp7 was purified, and crosslinked RNAs were detected ( Fig. 2A) . Consistent with Rlp7 acting as an RNA binding protein and directly contacting its RNA substrate, Rlp7 crosslinked to RNA in a UV-dose dependent manner. Crosslinked RNA was purified, amplified, and cloned. A TapeStation-generated gel image of representative cDNA libraries is shown (Fig. 2B ). The negative control cDNA was not detectable and yielded very few transformants when cloned.
For Rlp7, 59 clones containing a cDNA insert were sequenced. We identified crosslinked RNAs that localized to the 3 ′ end of 5.8S rRNA or the 5 ′ end of 25S rRNA, as well as adjacent sequences in ITS2 (80% of total hits) ( Of these clones, only three contained a cDNA insert (9%). These cDNAs mapped to different sites than Rlp7 cDNA on 25S rRNA and did not contain crosslinked nucleotides. The structure of the ITS2-proximal stem is essential for ribosome assembly (Peculis and Greer 1998) . However, the sequence of the helix and 3 ′ and 5 ′ terminal nucleotides of 5.8S and 25S rRNA, respectively, can be changed with little effect on cell growth or 25S rRNA levels (Peculis and Greer 1998; Cote and Peculis 2001) . This suggests that Rlp7 recognizes secondary or tertiary structure elements in the pre-rRNA rather than primary sequence. Because we identified both strands of the ITS2-proximal stem in our assays, we predict that the proximal stem forms upon or before Rlp7 binding. ′ ETS. The number of hits to each site is indicated on the y-axis, and the frequency is indicated above (percentage of time site was observed).
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The Rlp7 binding site places it in a close proximity to ITS2, supporting a function in 27S pre-rRNA processing. Because Rlp7 exhibits significant amino acid sequence homology to r-protein L7, it was previously hypothesized that Rlp7 might bind to the L7 binding site to function as a "placeholder" for L7 in preribosomes (Gadal et al. 2002) . However, our data are not consistent with this hypothesis, since L7 binds to domain II of 25S rRNA in mature ribosomes. Furthermore, we previously found that Rlp7 and L7 both associate with 35S and 27S pre-rRNAs (Sahasranaman et al. 2011; Jakovljevic et al. 2012) , suggesting that L7 binds to preribosomes before Rlp7 dissociates from them. In addition, we and others have shown that Rlp7 and L7 coimmunoprecipitate and thus are likely to be associated with the same preribosomes J Jakovljevic, unpubl.) . Rather, it is more likely that Rlp7 evolved from L7 to use a similar RNA recognition motif to bind and function at a different RNA element during ribosome assembly.
The binding site of Rlp7 is within eukaryotic-specific RNA elements, including ribosomal expansion segment 4 of the ITS2-proximal stem and ITS2. These two segments are not conserved in bacteria, suggesting that they evolved to facilitate eukaryotic-specific functions. It is clear from this and other studies that at least one role of these eukaryotic-specific RNA elements is to provide a binding site for assembly factors (Granneman et al. 2011) . It is therefore possible that Rlp7 coevolved with the proximal stem and ITS2 to carry out functions unique to eukaryotic ribosome assembly.
Rlp7 interacts with proteins that bind within and near ITS2 during 60S ribosome assembly
To verify the localization of Rlp7 within preribosomes, we carried out a two-hybrid assay to identify proteins that interact with Rlp7. We tested for potential interactions between the three A 3 factors that bind to ITS2 (Rlp7, Nop15, and Cic1) and other assembly factors and r-proteins implicated in 27SA 2 (Brx1, Ebp2), 27SA 3 (Pwp1, Nop7, Ytm1, Erb1, Rrp1, Has1, Rrp17, Rat1, Rai1, L7, L8), or 27SB (L17, L26, L35, L37, Nsa2, Rrs1, Rpf2, Nog2, Nop2, Nip7, L11, Spb4, Dbp10, Tif6, Rlp24, Mak11, Nog1) pre-rRNA processing, as well as other r-proteins that contact domain I (L15, L25) (Henry et al. 1994; Emery et al. 2004; Zhang et al. 2004; Oeffinger et al. 2009; Ben-Shem et al. 2011; Granneman et al. 2011; Sahasranaman et al. 2011; Babiano et al. 2012; Jakovljevic et al. 2012; Shimoji et al. 2012; Talkish et al. 2012; Gamalinda et al. 2013) . Only 11 of the 210 potential pair-wise two-hybrid interactions tested were positive, confirming the specificity of the assay ( Fig. 3A ; Supplemental Table S1 ).
Consistent with the Rlp7 binding site in ITS2 and the proximal stem, our two-hybrid results show that Rlp7 interacts with proteins that bind to ITS2 or adjacent to ITS2 (Zhang et al. 2004; Granneman et al. 2011 ). Rlp7 interacted with Nop15, which also interacted with Cic1, consistent with Rlp7, Nop15, and Cic1 all contacting ITS2 during ribosome assembly. Rlp7 and Nop15 were positive for interactions with themselves and therefore may have the potential to form dimers on or off preribosomes. Rlp7, Nop15, and Cic1 all tested positive for interactions with the RNA helicase Has1. These three proteins are required for Has1 to enter pre-60S ribosomes (Sahasranaman et al. 2011 ) and may therefore recruit Has1. Has1 helps to stabilize the native conformation of domain I during ribosome assembly and is required for 27SA 3 and 27SB pre-rRNA processing . We also observed interactions between Rlp7 and Ebp2. Ebp2 most likely binds near the ITS2-proximal stem since it copurifies with Brx1, Pwp1, Nop12, L8, and L15 in a subcomplex (Zhang et al. 2004 ). R-proteins L8 and L15 contact the proximal stem (Ben-Shem et al. 2011) , and Nop12 contacts the proximal stem and nearby sequences in 5.8S rRNA (Granneman et al. 2011) . In support of two-hybrid data, interactions between Rlp7 and Ebp2, as well as Cic1 and Nop15, have previously been identified by PCA FIGURE 3. Rlp7 interacts with a neighborhood of proteins that bind to or near ITS2 and the proximal stem. (A) Two-hybrid interaction map. Two-hybrid assays were carried out to test for interactions between the ITS2 neighborhood of proteins (Rlp7, Nop15, Cic1) and several other factors required for 27S pre-rRNA processing. Relative strengths of interactions are shown with dark gray, thick lines representing strong interactions and light gray, thin lines representing weak interactions as determined by growth of two-hybrid strains on media containing increasing concentrations (1, 2.5, 5, and 50 mM) of 3-aminotriazole (3-AT). (B) High-salt wash of Rlp7-associated proteins. Rlp7-HTP was affinity purified from yeast cell lysates, and complexes were washed with increasing concentrations of NaCl (150, 450, 1000 mM) to remove weakly associated proteins. One-step indicates that proteins were resolved after one-step purification on IgG-coated beads, and two-step indicates that proteins were resolved after two-step purification on IgGand nickel-coated beads.
(protein-fragment complementation assay) (Tarassov et al. 2008 ). We observed relatively weak two-hybrid interactions between Rlp7 and Rrs1 and Nsa2. These factors were previously implicated in 27SB pre-rRNA processing and may therefore bind near ITS2. However, the binding sites of Rrs1 and Nsa2 in preribosomes have yet to be identified.
As an orthogonal approach to identify factors that interact with Rlp7, we affinity purified Rlp7-associated preribosomes from yeast cell lysates and identified proteins by mass spectrometry that remained associated with Rlp7 after washing with high salt (Fig. 3B ; Supplemental Table  S2 ). We identified Nop15 and Erb1 by this assay. The observed interaction of Rlp7 with Nop15 is consistent with the two-hybrid data. Likewise, copurification of Erb1 with Rlp7 makes sense because Erb1 crosslinks to 25S rRNA of domain I (Granneman et al. 2011) , which is <30 Å away from the Rlp7 CRAC site on the mature 60S ribosomal subunit (Fig.  4C ). Whether copurification of Erb1 and Nop15 with Rlp7 reflects RNA-or protein-mediated interactions remains to be tested.
Taken together, these protein interaction data support the identified binding site of Rlp7 at ITS2 and the ITS2-proximal stem of domain I near assembly factors Cic1, Nop15, Nop12, and Erb1 (Fig.  4B,C) . These proteins cluster near the 3 ′ end of 5.8S rRNA, yet they trigger processing of ITS1 to generate the 5 ′ end of 5.8S rRNA. Thus, a remaining question is why do these A 3 factors bind at a distance from the A 3 processing site? Perhaps they recruit the RNA helicase Has1 to preribosomes, which may couple domain I folding to 27SA 3 pre-rRNA processing . Additional possibilities are that they directly chaperone domain I folding or regulate conformational changes within ITS2 that are propagated from the 3 ′ to 5 ′ end of 5.8S rRNA.
Rlp7 maintains an open ring conformation of ITS2
ITS2 has been proposed to form two different structures referred to as the closed "hairpin" and open "ring" conformations ( Fig. 4B ; Yeh and Lee 1990; Joseph et al. 1999) . These two conformations differ in the regions closest to the ITS2-proximal stem. The ability to form both conformations is required for efficient 60S subunit assembly (Cote et al. 2002) . In order to determine whether Rlp7 binding to the proximal stem and to ITS2 affects folding of ITS2, we carried out in vivo chemical probing of RNA using dimethyl sulfate (DMS) in the presence and absence of Rlp7. DMS modifies adenines and cytosines that are not involved in Watson-Crick base-pairing or that are not protected by proteins in a manner that causes pausing of reverse transcription. Modified RNAs were extracted and reverse transcribed using primers that bind within ITS2 to assay for changes in ITS2 and 5.8S rRNA.
In wild-type cells, the pattern of chemical modification within ITS2 is consistent with both the ring or hairpin structure of ITS2, suggesting that a mixed population of both structures exist in wild-type cells (Fig. 4A, lanes 7,15, B , green circles). For example, three cytosines adjacent to the E site were modified supporting the presence of the ring structure, while C3121 was modified supporting the presence of the hairpin structure. After Rlp7 depletion, three nucleotides became less modified (Fig. 4A ,B, open blue circles; Supplemental Fig. S3 ), consistent with a shift from the ring to hairpin conformation. Nucleotide A3031 became more modified, which could indicate a shift to the hairpin structure or the loss of binding by Cic1. Because Rlp7 binds to the region of ITS2 that is most different between the two structural models, Rlp7 is a likely candidate to regulate transitions between the ring and hairpin conformations.
Because Cic1, Rlp7, and Nop15 are interdependent for their association with preribosomes (Sahasranaman et al. 2011) , we also expected to observe increased modification of the binding sites of Cic1 and Nop15 in the absence of Rlp7. Six nucleotides become more modified in the absence of Rlp7 in the regions of the Cic1 and Nop15 binding sites (Fig. 4A ,B, closed blue circles; Supplemental Fig. S3 ). We did not observe increased modification of the binding site of Rlp7 extending from the 3 ′ end of 5.8S rRNA through the 5 ′ end of ITS2. Because this site was not observed as frequently as the ITS2/25S rRNA CRAC site (Fig. 2C) , Rlp7 may make fewer direct contacts with this region or may bind in a geometry that does not cause protection from chemical modification. Taken together, our data are consistent with Rlp7 being interdependent with Cic1 and Nop15 for binding to ITS2 and support a model in which Rlp7 helps to maintain an open ring conformation of ITS2.
Because the proximal stem does not become more accessible to chemical modification after depletion of Rlp7 and A 3 factors, Cic1, Nop15, Nop7, and Has1, its structure is likely maintained without these proteins ( Fig. 4A,B ; Supplemental Fig. S4 ). This is consistent with CRAC data because both strands of the proximal stem were found crosslinked to Rlp7 (Fig. 2C) . Therefore, we suspect that the proximal stem forms before the A 3 factors bind to the pre-rRNA. Because these proteins associate with the earliest pre-rRNAs, 35S or 27SA 2 (Granneman et al. 2011; Sahasranaman et al. 2011) , it raises the possibility that the proximal stem forms cotranscriptionally. This would enable the proximal stem, as well as ITS2, to hold 5.8S and 25S rRNAs in close proximity to chaperone rRNA folding within domain I.
In a previous study, the length of the proximal stem was shown to be important for 60S ribosomal subunit assembly (Cote and Peculis 2001) . Lengthening the ITS2-proximal part by 2 bp had no effect on 25S rRNA production. However, lengthening this region by 5 bp prevented processing. One possibility is that the longer insertions inhibit Rlp7 binding to this region of the pre-rRNA. Another possibility is that Rlp7 can still bind but that the critical length reflects a loss in Rlp7 communication across the proximal stem to the rest of domain I and the 5 ′ end of 5.8S rRNA. If Rlp7 recruits Has1 to preribosomes to trigger rearrangements within domain I, there may be a critical distance for this to occur. Cote and Peculis (2001) previously predicted that two assembly machineries associate with the proximal stem: the ITS2-distal and ITS2-proximal machineries. These predictions were based on mutations made to sequences and structural elements within and flanking the proximal stem. We and others have determined that Rlp7 and Nop12 bind to ITS2-proximal and ITS2-distal regions of the proximal stem, respectively, supporting these predictions (Granneman et al. 2011) .
CONCLUSIONS
A longstanding question in ribosome assembly is why ITS2 separates 5.8S and 25S rRNAs in eukaryotic preribosomes while this sequence is missing from 23S rRNA of bacterial preribosomes. Here we propose that ITS2 forms a platform for the association of eukaryotic-specific assembly factors during ribosome assembly. These assembly factors may directly promote folding of rRNA and binding of r-proteins or recruit helicases such as Has1 to trigger rRNA remodeling.
Our results also suggest that structural transitions in ITS2 near the 3 ′ end of 5.8S rRNA promote 27SA 3 pre-rRNA processing at the 5 ′ end of 5.8S rRNA. One explanation for this observation is that ITS2 conformational changes might be propagated through the proximal stem to chaperone domain I folding, which is coupled to 27SA 3 pre-rRNA processing. Therefore, the 27SA 3 pre-rRNA processing step may serve as a checkpoint for proper construction of domain I. Domain I r-proteins L17, L26, L35, and L37 line the polypeptide exit tunnel in mature ribosomes. Therefore, proper formation of this rRNA-r-protein neighborhood is critical for ribosome function.
If ITS2 evolved as a landing point for assembly factors to stabilize domain I and promote 27SA 3 pre-rRNA processing, it follows that it would be removed after these two events. Perhaps the role of Rlp7 in the 27SB pre-rRNA processing step is to recruit a yet to be identified nuclease to preribosomes or create ITS2 conformations to initiate cleavage and removal of ITS2 after domain I folding and 27SA 3 pre-rRNA processing are complete. Furthermore, because Rlp7 binds to the junctions of ITS2 and the 5 ′ and 3 ′ ends of 25S and 5.8S rRNAs, respectively, it might be involved in proper processing of either of these ends.
MATERIALS AND METHODS
Yeast strains
Yeast strains are listed in Supplemental Table S3 . Strains conditional for expression from the GAL1 promoter or expressing C-terminally His 6 -TEV-protein A (HTP)-tagged proteins were generated according to the method described previously (Longtine et al. 1998; Rigaut et al. 1999) . Unless otherwise indicated, yeast were grown at 30°C in YEPD (2% dextrose, 2% peptone, 1% yeast extract) or YEPGal (2% galactose, 2% peptone,1% yeast extract) media and were harvested during mid-log phase growth.
Crosslinking and analysis of cDNAs
In vivo UV crosslinking, extract preparation, affinity purification, RNase digestion, and cloning of crosslinked fragments were carried out according to the method described previously ) with the following modifications: Yeast were UV irradiated at 0.8 J/cm 2 instead of 1.6 J/cm 2 and 200 μL IgG-conjugated dynal beads (Life Technologies) (Oeffinger et al. 2007 ) were used for affinity purification of the protein A tag instead of 250 μL IgG Sepharose beads (GE Healthcare). Alignments were visualized with Integrated Genome Viewer (Broad Institute). The Rlp7 CRAC assay was repeated two times, and the sequences at the junctions of 5.8S rRNA and ITS2 and ITS2 and 25S rRNA were reproducibly observed.
Two-hybrid assays
Movable open reading frames (Open Biosystems) were transferred into either the pACTGW-attR or pASGW-attR two-hybrid vector (Nakayama et al. 2002) using the Gateway recombination-based cloning system (Life Technologies). Plasmids were transformed into PJ69-4a (James et al. 1996) or PJ69-4α (Uetz et al. 2000) yeast, which were mated to test for potential protein-protein interactions.
Pair-wise interactions were tested for activation of the GAL-HIS3 reporter gene by initial screening for the ability to grow on media lacking histidine in the presence of 1 mM 3-AT according to the method described previously (James et al. 1996) . Positive interactions were further tested for the strength of interaction by growth in the presence of increasing concentrations of 3-AT (1-50 mM). Results are summarized in Supplemental Table S1 .
Affinity purification and high-salt wash of Rlp7 associated proteins Whole-cell lysates were prepared from 350 mL cultures of the RLP7-HTP strain (JWY9262) according to the method previously described ) followed by affinity purification of Rlp7-HTP and associated proteins on 60 μL IgG-conjugated Dynal beads (Life Technologies) for 1 h at 4°C (Oeffinger et al. 2007 ). After binding, protein complexes were washed three times with TN buffer (50 mM Tris-HCl at pH7.8, 0.1% IGEPAL, 5 mM β-mercaptoethanol) containing 150, 450, or 1000 mM NaCl. Protein complexes were eluted from IgG beads by cleavage with 10U TEV Protease (Life Technologies) for 1 h at room temperature. Eluted proteins were either precipitated with 10% TCA or subjected to a second purification step on 100 μL Ni-NTA Agarose beads (Qiagen) for 2 h at 4°C followed by elution with 250 mM imidazole and precipitation with 10% TCA. All steps were carried out in TN150 buffer (containing 150 mM NaCl) unless otherwise indicated. Proteins were separated on 4%-12% NuPAGE gels (Life Technologies) followed by silver staining according to standard procedures.
For identification of proteins that associate with Rlp7 after highsalt wash, two-step purifications were carried out as described except that cell lysates were obtained from 2-liter cultures followed by purification on 400 μL IgG beads and 1 mL Ni-NTA Agarose beads. Proteins were separated on 4%-12% NuPAGE gels followed by silver staining with the SilverQuest Silver Staining Kit (Life Technologies). Gel slices were destained and dried and sent to Penn State Hershey Core Research Facilities for reduction, alkylation, trypsin digestion, and MALDI-TOF mass spectrometry. Peptides were analyzed by the ProteinPilot 4.0 program, and results are summarized in Supplemental Table S2 .
Chemical probing
In vivo structure probing with DMS was carried out according to the method previously described (Babiano et al. 2012 ) except that Transcriptor Reverse Transcriptase (Roche) was used for primer extensions with oligonucleotides designed to bind to ITS2 (Fig. 4B , dashed lines).
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